Abstract Geopressured sedimentary formations are common within the more prolific deeper hydrocarbon reserves in the Niger Delta basin. While overpressured zones could serve as tools for hydrocarbon prospectivity evaluation, they are significant safety concern during drilling. Post-drill pore pressure prediction using wireline log and mudlog was carried out in the X-field, Onshore Niger Delta basin to predict the depth of abnormal pressure occurrence, estimate the amount of pore pressure encountered and its trend within the field. The results obtained from the compaction trend analysis method reveal that overpressures in this field are associated with simple rollover structures bounded by normal faults, and are caused mainly by undercompaction of Akata shale. The depth to top of mild overpressures (\0.71 psi/ft) in this field ranges from 8,000 to 11,000 ft. Similarly, the depth to top of severe overpressures ([7.10 psi/ft) ranges from about 12,000 to over 13,000 ft. Post-depositional faulting is believed to have controlled the configuration of the overpressure surface and has played later roles in modifying the present day depth to top of overpressures. Abnormal pressure trend within this field is observed to be trending towards the N-E direction.
Introduction
The pore spaces of sedimentary rocks below the water table filled with fluids of varying salinities are normally linked through interconnected network of pores, to pore fluids at the surface. Thus, the pressure of the pore fluids at depth is due to a continuous column of fluids which extends to the surface. This pressure invariably is a function of column height and the density of the fluids. The pore pressure exerted by one foot high column of fresh water and very saline water are 0.433 and 0.47 psi/ft and their densities are 1.0 and 1.09 g/cm 3 , respectively. Fluid pressure gradient outside the range of 0.433-0.47 psi/ft in sedimentary sequence is termed abnormal.
Factors that enhance the formation of abnormally high pressure include the development of high shale to sand ratio, rapid sedimentary deposition, tectonic influences, aquathermal pressuring, osmosis and so on (Mouchet and Mitchel 1989) . The unique characteristics of abnormal pressure zone are the development of abnormal porosities in shale sections, leading to abnormal pore fluid content.
Logging devices that give clue to this abnormal porosity development include sonic, resistivity and density. In addition to these logs (obtained after drilling), measurements are made during drilling operations that enable overpressured zones to be delineated. Such measurements include rate of penetration and drilling exponent, mud weight, gases, cuttings shape and size, torque and drag, etc. (Moutchet and Mitchel 1989) .
Explorationists' interest in the Niger Delta has moved to mainly deep prospects onshore and deep/ultra deep prospects offshore. The deep campaign in the Niger Delta has demonstrated the need for a detailed overpressure and trap integrity analysis as an integral and required step in the prospect appraisal. This is because different trapping scenarios can occur in which hydrocarbons are entirely lacking in a structure or are contained in a single or multiphase in the respective hydropressured and overpressured sections. Similarly, the risk of dry or gas-charged traps increases with depth and overpressure magnitude in such situation also increases. For instance, it was observed that only two out of nine deep exploratory wells drilled by Nigeria Agip Oil Company between 1970 and 2005 were normally pressured (Nwaufa et al. 2006) . In most of these cases, the wells were either abandoned, drilled without reaching the desired objective sequence, or drilling prolonged leading to astronomical rise in drilling cost. These problems were encountered despite the fact that the latest drilling practices were applied to most of the wells (Nwaufa et al. 2006) .
Safe exploration of these deep prospects, therefore, would largely depend on our ability to understand the controls on top seal strength, overpressure generations/ distributions, and trap integrity, and then confidently incorporate this knowledge into prospects evaluation and well designs. This is very important considering that in the current campaign for deeper prospects, the economic consequences of exploitation in areas with an unspecified risk of abnormal pressure profiles may range from increased drilling costs due to hazards to unrealized prospect potentials.
Overpressured formation exhibits several properties when compared with a normally pressured section at the same depth; including higher porosities, lower bulk densities, lower effective stress, higher temperature, lower interval velocities and higher Poisson's ratio. Well data measures some of these properties, which can be used to determine overpressure. Also, seismic interval velocities get influenced by changes in each of the above properties, and this is exhibited in terms of reflection amplitudes in seismic surveys. Consequently, velocity determination is the key to pore pressure prediction.
This study is aimed at predicting post-drill pore pressures in X-field, Onshore Niger Delta Basin using an integrated approach of pore pressure indicators from wireline logs, mudlogs, and qualitative/semi-quantitative data available in the real time which will enable overpressured zone to be delineated to a very close approximation. More so, the utilization of compaction-based techniques in predicting overpressure will give clue to the origin of overpressure in the Niger Delta region; formation pore pressure at the given depth will be calculated.
Location of the study area
The Well names are informal names given to the three wells operated by Nigerian Agip Oil Company (NAOC), in the eastern Niger Delta. The Oil Mining Lease (OML) was not indicated because of the understanding reached between the researcher and the company before the data were made available. The coordinates of the well locations were given as follows: WELL A (363:500N; 94:100E), WELLB (363:000N; 93:500E), WELLC (363:100N; 92:500E) . This is shown in Fig. 1 .
Geology and morphology of the study area
The onshore portion of the Niger Delta province is delineated by the geology of the southern Niger and southernwestern Cameroon. The northern boundary is the Benin flank, an east northern trend hinge line south of the West African basement massif. The north-eastern boundary is defined by outcrops of the Cretaceous of the Abakaliki high and further east-southeast by the Calabar flank-a hinge line bordering the adjacent Precambrian. The offshore province of the region is defined by the Cameroon volcanic line to the east, the eastern boundary of the Dahomey Basin (the eastern-most western African passive margin) to the west, and the 2 km sediment thickness south and southwest. The province covers 300,000 km 2 and includes the geologic extent of the Tertiary Niger Delta (Akata-Agbada) petroleum system.
The fracture zone ridges in the deep Atlantic form the boundary faults of the Cretaceous Benue-Abakaliki trough, which cuts far into the West African shield. The trough represents a failed arm of a rift triple junction associated with the opening of the South Atlantic. In the region of the Niger Delta, rifting diminished altogether in the Late Cretaceous, giving rise to gravity tectonism deformational process. Figure 2 shows the gross paleogeography of the region as well as the relative position of the African and South American plates since rifting began.
The morphology of Niger Delta changed from an early stage spanning the Paleocene to early Eocene to a later stage of delta development in Miocene time. Delta progradation occurred along two major axes, the first paralleled the Niger River, where sediment supply exceeded subsidence rate. The second, smaller than the first, became active during Eocene to early Oligocene basin ward of the Cross River where shorelines advanced into the Olumbe-1 area (Short and Stauble 1967) . This axis of deposition was separated from the main Niger Delta deposits by the Ihuo Embayment, which was later rapidly filled by advancing deposits of the Cross River and other local rivers (Short and Stauble 1967) .
Stratigraphically, the Tertiary section of the Niger Delta is divided into three formations, representing prograding depositional facies that are distinguished mostly on the basis of sand-shale ratios. The type sections of these formations are described in Short and Stauble (1967) and summarized in a variety of papers (Avbovbo 1978; Doust and Omatshola 1990; Whiteman 1982; Evamy et al. 1978; Kulke 1995) . They are the basal Paleocene to recent prodeltaic facies of the Akata Formation, the Eocene to recent, parallic facies of the Agbada Formation, and the Oligocene to recent, fluvial facies of the Benin Formation (Fig. 3) . These lithostratigraphic units decrease in age basin ward, reflecting the overall regression of depositional environments within the Niger Delta clastic wedge. The formations reflect a gross coarsening-upward progradational clastic wedge (Short and Stauble 1967) , deposited in marine, deltaic, and fluvial environments (Weber and Daukoru 1975) .
Methodology
The data utilized in this project include drilling parameters, mudlog parameters and electrical/acoustic log parameters. Based on the available data, this study is limited to overpressure prediction methods while drilling and after drilling.
Method used while drilling
The D-exponent, shale density, rate of penetration (ROP), MWD Logs and qualitative pressure evaluation methods were applied. The most reliable detection technique is, however, the direct pressure-measuring tests which include kicks, formation interval tests (FIT), repeat formation tests (RFT), drill stem tests (DST), and production tests. All these tests are costly and demand for more stringent interpretation.
Method used after drilling (post-drilling)
Changes in pore pressure can be recognized on regular formation evaluation tools such as sonic, resistivity, neutron and density logs. The logs show the effect of pore pressure because of the relationship between compaction, porosity, density and the electrical and acoustic properties of the sediments. As rock compacts, the porosity is reduced and the density is increased, which also causes the bulk modulus and shear modulus to also increase because of increase in grain contact area and grain contact stress.
Overburden gradient calculation
Quantitative determination of pore pressure from wireline logs requires prior calculation of the overburden pressure. Overburden pressure is the pressure exerted by the weight of all the overlying sediments. The decrease in sediment porosity under the effect of burial (compaction) is proportional to the increase in overburden pressure. Overburden pressure gradient in psi/ft is a function of formation density (q) in g/cc 9 0.434. Formation density varies with depth, so overburden pressure is a variable function of depth. Formation density was estimated from acoustic travel time responses using Wylie's equation (1). The measurements are averaged over 500 m interval.
where v is the acoustic velocity. A maximum matrix density p max , value of 2.75 (g/cm 3 ) and fluid p fluid value of 1.03 (g/cm 3 ) were used in the porosity computation. The interval overburden in psi was calculated using the expression
where s is interval overburden pressure in Psi, Dh is the formation interval thickness (ft), p is density (g/cc), 0.434 is conversion factor that converts g/cc to psi/ft The overburden pressure gradient was then determined from Eq. 3
where S is overburden pressure gradient in psi/ft, P s is cumulative interval overburden pressure in psi, P h is cumulative interval thickness
The Mud Weight or Equivalent Mud Weight (ECD) is converted as follows as follows
This is tabulated for the interval of interest (500 m and above) of the wells. The cumulative overburden is then plotted against TVD (true vertical depth) on a Cartesian coordinate as lithostatic pressure.
Shale resistivity method
The shale resistivity pore pressure technique is based on the principle that as normal compaction proceeds, pore water is progressively squeezed from shale (dewatering) and the shale becomes more compact and dense with increasing depth. Thus, they become more resistive with depth. A plot of shale resistivity versus depth for a basin of normally compacted shale will exhibit a trend of an evenincreasing resistivity. Should the normal compaction process be interrupted or adversely influenced by such factors as restricted vertical/horizontal permeability, rapid rate of deposition, high shale/sand ratios, etc., and the normal rate of dewatering will be hindered. This results to abnormal pressure. The high fluid content in abnormally pressured shale is identifiable by a trend of decreasing resistivity with depth. Shale thickness of about 10-15 m was chosen and their depths noted.
All resistivity values which fall on the trendline are representative of normal pore pressure. Shale resistivity values which fall to the left of the trendline represent abnormally pressured shale, and when it points to the right of the trendlines, it represents cemented or contaminated shales. The normal compaction trendline is later extrapolated to cover area of interest. Pore pressure is quantified using Eaton's (1969) ratio equation for resistivity method:
where P is formation pore pressure, S is overburden pressure, P n is Normal pore pressure (normally 0.433-0.464 psi/ft for Niger Delta Basin), R o is observed resistivity at zone of interest, R n is normal resistivity at zone of interest.
Shale transit time method
Sonic transit time is the measure of the time it takes a sound wave to travel one foot into the formation. This technique is applicable primarily for abnormal pressures which have been generated by compaction-related processes. The technique involves plotting shale transit times versus depth on semi-log paper. Plots of shale transit time versus depth will yield a steadily decreasing trend, since as density increases the time it takes for a sound wave to travel one foot decreases. As with resistivity method, a normal compaction trendline is established and it is extrapolated to areas of interest. Formation pore pressure was calculated using Eaton's ratio for shale transit time method.
where P is formation pore pressure, S is overburden pressure, P n is Normal pore pressure, Dt n is normal sonic transit time, Dt o is observed shale sonic transit time Shale bulk density method
As compaction proceeds in a normal fashion, the density of the shale will increase with depth, therefore porosity (or pore fluid) will decrease. A plot of shale density versus depth indicates that bulk density increases with depth until overpressured zone is reached. If compaction is affected, the result is an increase in pore spaces and a corresponding decrease in density. A normal compaction trendline is drawn across the normally pressured zone. Shale densities which are lower than the normal compaction trendline indicate abnormally pressured shale. Although there is a general trend, the spread of the data indicates that these measurements are not as reliable as the shale resistivity and sonic transit time evaluation. This is due to the fact that density logs are frequently affected by factors other than lithology, porosity and hydrocarbons (particularly gas). For this reason emphasis was not placed on quantifying formation pressure from this technique but rather in delineating the onset of overpressure.
D-exponent method
The D-exponent is a mathematical expression which relates rate of penetration, rotary speed, bit size and bit weight to the effect of differential pressure. This is expressed as:
where R is rate of penetration in (ft/h), N is rotary speed (in rev/h), W is weight on bit (in tons) D is bit size (inches) For normally pressured sediments, the D-exponent yields a trend of increasing values with depth; a trend of decreasing values is often indicative of increasing pore pressure. If so interpreted, and if plotted, the difference between observed and normal values of d-exponent represent the magnitude of the pore pressure (Fig. 4) . The D- exponent may be corrected and normalized for changes in mud weight and/or ECD (equivalent circulating density) by the following:
Pore pressures can be estimated by utilizing various methods. One of these methods is by applying Eaton's formula as follows:
where P is formation pore pressure of interest, P n is normal pore pressure (for Niger Delta is 0.433-0.465 psi/ft), S is overburden pressure, d o is observed d-exponent at the depth of interest, d n is normal d-exponent at the depth of interest. It may also be calculated using the following simple formula:
where P is pore pressure in ppg, N is normal pore pressure in ppg,
Results
Knowledge of the overburden pressure at each point in the well (described by the overburden gradient, S) is essential for formation pressure calculations. Cumulative overburden pressure gradient derived for the three wells, respectively, was utilized to estimate the pore pressure regime of the Field. Figure 4 shows the trend of pore pressure indicators for real-time mudlog data. The pore pressure indicators include the D-exponent and mud weight. The plot shows that D-exp increases with depth until the top of overpressure is reached, at which it starts to decrease with increasing depth. The mud weight remains constantly steady until the top of overpressure is reached; below this depth, the mud weight increases continuously. The formation plot shows the various lithologies encountered. From the trends of the composite plot, the various formations can be delineated (change in formation such as Benin Formation to Agbada Formation). For the ease to estimate the formation pressures with depth, the key parameters were re-plotted singly (Fig. 5) . Formation pressure estimated from D-exponent for Well B and Well C is tabulated as shown in Table 1 . The plots from wireline data, which have its pore pressure indicators estimated mainly from resistivity and acoustic traveltime logs show that resistivity increases with depth and formation, until the top of overpressure is reached; below this depth, the resistivity tends to decrease. For acoustic waves, there is a consistency in the trend, until the top of overpressure is reached, at which the acoustic trend tends to show a slight increase ( Fig. 6; Table 2 ).
A plot of the estimated pore pressure, hydrostatic pore pressure (Normal) and lithostatic pressure (overburden) versus depth mud and wireline data is presented in Figs. 7 and 8, respectively.
A plot of the estimated pore pressure, hydrostatic pore pressure (Normal) and lithostatic pressure (overburden) versus depth was presented from which the onset of overpressure can be identified. 
Discussion of results
Detailed analysis of the mudlog data available in this study indicates that top of overpressure for Well A is at an average depth of 10,105 ft (3,079.8 m). Using the wireline data, the top of overpressure was estimated from sonic data at 10,039 ft (3,059.7 m) and from resistivity data at 10,171 ft (3,099.9 m). Below this depth, much of the overburden weight is borne by the pore fluids resulting to increase in pressure. Calculated pore pressure within the zone of abnormal pressure development from sonic data is 0.655 psi/ft (6,577 psi) of mild pressure, to 0.8774 psi/ft (11,744.8 psi) of overpressure. Also, calculated pore pressure from resistivity data is 0.552 psi/ft (5,622 psi) of mild pressure, to 0.8756 psi/ft (11,720 psi) of overpressure. Below this depth (top of overpressure), the estimated pore pressure trend diverts from the hydrostatic (normal) pressure trend, increasing toward the lithostatic pressure (Fig. 8 ). This is due to the fact that the bulk volume is taken over by pore fluids resulting to decrease in resistivity data and slight increase in sonic data and also a decrease in bulk density. Much of the overburden weight is borne by the pore fluids, thus its pressure increased from normal 0.465 to 0.6467 psi/ft at 10,171 ft as shown in Table 2b . More so, the occurrence of about 85 % lithology of shale within this zone and an increase in the gas components and gas percentages are good indicators that abnormal pressure exist in this zone. Opara and Onuoha (2009) stated that overpressures are mega-structurally and stratigraphically controlled, and vary from depobelts to depobelts within Niger Delta. The predicted top of overpressure as established by Ichara and Avbovbo (1985a, b) for Niger Delta is 13,000 ft (max value); also Opara and Onuoha (2009) revealed that the majority of the overpressure within the Niger Delta occurs between the depth interval of 6,000-13,000 ft, while that deduced from this study reveals that the onset of overpressure to hard pressure occurs between the depth interval of 10,000-12,650 ft of shale formation. This may be due to mud diaper, hydrocarbon generation and normal faults within the field, as can be seen on the base map.
Well B was drilled to a total depth (TD) of 4,020 m (13,189.6 ft). The Well kicked at a depth of 3,800 m (12,467.8 ft) and was killed with a mud weight of 13.2 ppg. Evaluation of the data available in this well shows that the top of overpressure is at an average depth of 11,373.6 ft (3,466.4 m) . Using drilling exponent data, top of overpressure was at 11,155 ft (3,399.8 m) while using wireline data, the top established from Acoustic wave plot occurs at 11,483 ft (3,499.8 m). Also, from Resistivity plot, the overpressure occurs at 11,483 ft (3,499.8 m) . Below this depth, much of the overburden weight is borne by the pore fluids resulting to pressure increase. Estimated pore pressure within the zone of abnormal pressure development from Acoustic wave traveltime ranges from a mild pressure of 0.5633 psi/ft (6,542 psi) to 0.7051 psi/ft (8,744 psi) of overpressure. Also, calculated pore pressures within Zone of abnormal pressure development from Resistivity are 0.6266 psi/ft (7,277 psi) of mild pressure to 0.7001 psi/ft (8,498 psi) of overpressure.
The calculated pore pressure from Well data (D-exponent) is 0.5633 psi/ft of mild pore pressure to 0.8397 psi/ft of overpressure. Below this depth (top of overpressure), the estimated pore pressure trend tends to divert from Hydrostatic (Normal) pressure, while increasing towards the lithostatic pressure. This is due to the fact that the bulk volume is taken over by pore fluids resulting to a decrease in resistivity, slight increase in Acoustic wave traveltime, decrease in bulk density and also a decrease in D-exponent. Comparing the pore pressure estimated from both well data (D-exponent) and wireline data show that the abnormal pressure are originating from the same range of depth (11,300-11,400 ft), with percentage lithology (close 100 % shale). The increase in gas component and the shale percentage lithology is a good indication that abnormal pressure exists.
Well C was drilled to a true vertical depth (TVD) of 4,309 m (14,137 ft). The well kicked at 4,050 m (13,288 ft) and was killed with a mud weight of 16.6 ppg. Informations from available data for this well explain that the top of overpressure is at an average depth of 10,991 ft (3,349.8 m). Using drilling exponent data, top of overpressure was at 11,155 ft (3,399.8 m), while that estimated from wireline, i.e., resistivity data, is at 11,286 ft d Estimated pore pressure for Well B, from acoustic-wave traveltime. e Estimated pore pressure for Well C, from resistivity depth within the field to be in the N-E direction. Equally, this shows that the top of abnormal pressure would be encountered at deeper depth, while drilling in this direction. Pore pressure prediction and interpretation in X-field, Onshore Niger Delta basin revealed that the onset of mild pressure (\0.71 psi/ft) in the area to be about 11,745 ft (3,580 m) for Well B, 11,745 ft (3,580 m) for Well C and for Well A is at 10,171 ft (3,099.9 m). Analysis from both wireline and well data (mudlog) revealed that very high overpressure approaching lithostatic pressures are expected at deeper intervals between 13,000 ft and beyond. Distribution of overpressures shows a well-defined trend with depth to top of overpressures, increasing towards the central part of the field to a maximum depth of about 13,124 ft (4,000 m). This variation in the depth of top of overpressures within the area is believed to be related to Normal faulting and clay diapirism with top of overpressure becoming shallower with shale diapirism while moving towards the north direction of the field and deeper with sedimentation while moving towards the Northeast direction of the field as shown in the base map. Similarly, data acquired in deep wells from concessions in the Niger Delta show no micro-structural trend. Rather, overpressures were observed in the areas with normal fault pattern. It is most likely that these faults patterns have effect on the formation pressure, providing relief to potential pressure build-up (Nwaufa et al. 2006) . Hanging wall closure is most often sealing and, therefore, retains significant columns of hydrocarbon, often leading to high minimum effective stress and fluid charging. Similarly, late hydrocarbon generation and shale diagenesis often lead to overpressure within upthrown shale (Evamy et al. 1978) .
In addition, it was revealed that majority of the overpressure situation occurs between the depth of 10,000 ft (3,047.9 m) and 13,000 ft (3,962.2 m) falling largely within the Agbada Formation. In the Niger Delta basin, the occurrence of overpressures is largely believed to be associated with the undercompacted shales of the Akata Formation. However, previous studies by Avbovbo 1978 and Weber and Daukoru 1975, have 
Conclusion
It is concluded from this study that the X-field Onshore Niger Delta is overpresssured and the top of overpressure predicted from this research revealed the onset of mild pressure (\0.71 psi/ft) in the area to be about 10,000 ft of true vertical depth (TVD) while higher pressures ([0.71 psi/ft) were encountered at about 13,000 ft (TVD). The establishment of a clear compaction trend for all the wells indicates that undercompaction is the major cause of abnormal pressure in the field. It is observed that the abnormal pressure in this field tends to increase with depth in the N-E direction.
A combination of other factors such as Tectonic stress (Normal Faults), hydrocarbon generation, Clay diaphirs and Shale diagenesis, also contributed to the Abnormal pressure existing within this field. Also, the overpressure distribution in this field can be tied to that of the entire Niger Delta, which is said to be structurally and stratigraphically controlled.
